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Summary. This paper reports on work undertaken to measure the level of skin void content 
and hence consolidation in thermoplastic composite sandwich beams made by a non-
isothermal vacuum moulding process. The effects of processing variables, such as skin 
preheat temperature and mould temperature on void content are established and the influence 
of different types of void, e.g. inter-tow, on the delamination properties of the skin are 
reported. Sandwich beam performance, in terms of peak load to failure under quasi-static and 
dynamic (impact) flexural loading, is measured. Processing conditions for optimising beam 
performance are established and discussed with respect to those necessary for maximising 
skin consolidation.
1 INTRODUCTION 
For thermoplastic composite (TPC) laminates, void content has been shown to have a 
significant effect on the ultimate laminate properties [1-3]. Furthermore, processing 
parameters can affect void content in the moulded part [4]. Several studies have reported on 
the manufacture of thermoplastic composite sandwich structures [5,6], all involving 
compression moulding. In these studies, processing conditions are shown to affect the 
properties of the structure significantly and skin consolidation has been a key factor affecting 
performance. The authors have reported on the development of a one-step vacuum moulding 
route for TPC sándwich structures with potential for cost-effective manufacture [7]. The 
process involves skin preheating before combining with the cold core under vacuum pressure. 
As this is a non-isothermal process, it is important to maintain temperature whilst pressure is 
applied to obtain good  skin consolidation. At the same time, excessive crushing of the core 
must be avoided as this will affect the section modulus in the final structure and hence its 
performance under load. This paper focuses on the effect of processing conditions in the 
vacuum moulding process on the void content in the skin and on the ultimate performance of 
the structure under flexural conditions.
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2 SPECIMEN MATERIALS AND MANUFACTURE
800mm x 70mm
projected area
Twintex 0/90 Balanced Weave Skins
Strandfoam 64 Core 
Figure 1  Vacuum moulded large sandwich beam (800mm x 70mm projected area)
Large TPC sandwich beams have been made from 60 wt% 0/90 weave commingled
glass/polypropylene skins (Twintex) and anisotropic polypropylene foam core 
(Strandfoam), density 64 kgm-3, as shown in Fig. 1. The beams have a projected area of 800 
mm x 70 mm, a nominal core thickness of 25 mm (before moulding) and varying skin 
thicknesses of 1 mm, 2 mm or 3 mm. The 0° fibre direction in the Twintex® skins is oriented
along the main beam axis and the core strand direction is oriented through the thickness, the 
latter to maximise crush properties of the beam. This thermoplastic structure lends itself to 
relatively rapid processing rates ( ~ 10 minute cycle time) and offers good recycling potential 
due to it being a single polymer system.
The beams have been manufactured by a one-shot vacuum molding process illustrated in 
Figures 2 (a) to 2(c). This process involves the stacking of Twintex® layers (two stacks, one 
for each skin) onto aluminium transfer plates and preheating in a hot air oven, for 
approximately 10 minutes, to a temperature in the range 180 °C to 220 °C. Heating time
depends on the thickness of each stack. A hot air oven is used to ensure uniform heating
across the surface and through the thickness of the stack. The two preheated Twintex® stacks,
supported on the transfer plates, are then transferred rapidly to the vacuum table where they 
are combined with the cold foam core. Transfer and assembly time is typically in the range 25 
to 35 seconds. The transfer plates maintain the temperature of the stacks during this process. 
The vacuum table lid (silicone membrane) is then closed on the whole assembly (including 
transfer plates) and the vacuum applied for a period in the range 5 to 15 minutes. The mould
base temperature is also controlled within the range 30 °C to 80 °C. A schematic of the 
vacuum moulding setup is shown in Fig. 3. 
After cooling, the moulded beam is trimmed along its edges and cut using a band saw into 
six equal coupon sandwich beams of projected area 250 mm x 30 mm and final thickness 
depending on processing conditions and chosen skin thickness. 
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(a)  Heated stack (including transfer plates 
assembled  on the vacuum table
(b)  Membrane closed and vacuum applied
 (c) Moulded process complete
Figure 2 Stages in the vacuum moulding process
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Mould Plate Breather Mesh
Vacuum
membrane
Vacuum sealant
membrane
Transfer + Tool
Plates
Skin
Release film
To Vacuum
Pump
Core
Figure 3  Schematic of the vacuum moulding setup
3 MEAUREMENT OF VOID CONTENT AND INTERLAMINAR SHEAR
STRENGTH (ILSS) IN THE SKINS 
Inter-ply
void
Glass
fibers
Intra-tow
voids
 PP matrix
Figure 4  Conversion of a skin micrograph to a binary image
Micrographs of the moulded sandwich beam skins were taken using a Zeiss microscope
and Aphelion™ image capture software. Aphelion™ has an adjustable image frame capable 
of a maximum resolution of 280,000 pixels (700*400). The captured micrographs were then 
analysed using the UTHSCSA Image Tool. This Software allows the identification of 256 
grey levels (0=black, 255=white). A thresholding process can distinguish the objects on the 
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basis of their grey level or brightness and creates a binary image (see Fig. 4). The black and 
white pixels are then calculated and expressed as black% and white%. The black%
corresponds to the void content in the micrograph.  In this study 50x and 200x magnifications
were used. In both cases the total number of pixels per image was 262,144. Each pixel in the 
image captured by 50x and 200x represents 4.1 μm and 1 μm resolution respectively. The 
200x lens was used for only the initial part of the study but it was found that the voids could 
be classified and measured with good accuracy using a 50x lens. The advantage is that a 
larger area and fewer images can be tested using this lens.  To obtain a statistically reliable
measure, 100 mm2 of area was covered for the analysis of each specimen.
As shown in Fig. 4 both inter-ply and intra-tow voids are measured separately
easured using 
the
4 STATISTICAL INFLUENCE OF PROCESSING PARAMETERS ON 
Figure 5  Statistical analysis of the effects of t processing conditions on skin consolidation
he influence of the four processing parameters: moulding pressure, skin pre-heat
tem
In addition to void content, the interlaminar shear strength of the skins is m
Short Beam Shear Method to ASTM D 2344-76. Detached moulded skins are prepared by 
grinding away the bonded core and cutting to size. Short beams with a 5:1 span:thickness 
ratio are tested in 3-point bending at a loading rate of 1 mm/min. The results for 8 specimens ( 
4 beams x 2 skins) are averaged for each processing condition. Due to limitations in test span, 
the 1 mm skins are not tested but ILSS values are obtained by linear extrapolation from the 
thicker skins in this case.
CONSOLIDATION
Skin pre-heat
Temperature
 Molding
 Pressure
Mold
Temperature
Molding
Time
    Skin
Thickness
he
T
perature, mould temperature and moulding time have been studied. In addition, a fifth 
parameter, skin thickness was also considered. The results of this study were statistically 
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analysed and are presented in Fig. 5 as the mean of the average values of the two output 
variables, skin interlaminar shear strength (ILSS) and void %, combined and scaled in the
range 0 to 1 (1 indicates low void% i.e. good consolidation and high ILSS). From the figure, 
it can be seen that skin pre-heat temperature, mould temperature and skin thickness are the
most influential parameters. Consolidation quality increases with a reduction in skin thickness
as might be expected. For both skin preheat temperature and mould temperature there are 
optimum values for good consolidation (200qC and 60qC respectively).
4 IMPORTANCE OF SKIN PREHEAT TEMPERATURE
arameter and for that reason 
its
Figure 6  Effect of the skin pre-heat temperature on the total void content %
4 VOID CONTENT AND ILSS 
t includes micro-voids, intra-tow and inter-ply voids.
Fil
Skin preheat temperature appears to be the most influential p
effects on void content are presented in more detail in Figure 6. The total void% is low for
intermediate preheat temperatures – typically 200qC